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Abstract 
Naturally occurring methane and saline groundwater from deep brines commonly occur 
together in many sedimentary basins. The co-occurrence of these species can make anthropogenic 
contamination of local groundwater from unconventional shale gas drilling and extraction difficult 
to distinguish and trace in these settings. A previous study in this area investigated the geochemical 
variations of the groundwater in Doddridge County, West Virginia before and after hydraulic 
fracturing for shale gas in 2012 and 2014. The current study seeks to further understand the impacts 
of shale gas development to this area by testing the same sites six years later in 2019 through the 
use of noble gases, hydrocarbon concentrations, inorganic tracers, dissolved nitrogen gas, and 
noble gas isotopic data. The geochemical measurements allow for the determination of the source 
of salinity, migration of fluids, and changes in water quality. The initial testing of these sites 
indicated the source of salinity in the groundwater was from deep methane-rich brines. Further 
testing was made in 2019 to determine if over time, the groundwater geochemistry had changed to 
indicate an impact from unconventional shale gas drilling, fracturing, and extraction. The recent 
study found evidence of impact from shale gas extraction through the discovery of stripping of 
noble gases (20Ne, 36Ar) from the air-saturated water and increased levels of methane without 
increases in the salinity of the groundwater. 
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Introduction 
The exploitation of hydraulic fracturing has sparked significant controversy in areas with 
shale gas wells. There is a concern over the safety of unconventional natural gas development 
regarding its potential impact on the local environment and drinking water. Natural gas and oil 
production using horizontal drilling in tight shales, coal beds, and tight sands is a growing practice 
in resource rich plays such as the Marcellus and Utica Shale formations in the Appalachian Basin 
(Siegel, et al., 2015).  
 The Appalachian basin has been home to industrial development, coal mining, 
conventional oil and natural gas extraction, agricultural development, etc., many of which have 
affected the quality of groundwater for over 100 years. By using pre-drilling groundwater data, 
studies can isolate the impact of shale gas development amongst years of potential other factors. 
Several studies have suggested that chloride in groundwater could be from natural deep brines 
which could also be the source of dissolved methane. These studies suggested that the presence of 
methane and salts in Appalachian basin groundwaters are sourced from natural processes (Warner 
et al., 2012, Siegel et al., 2015, Darrah et al., 2015).  
 This study uses the analysis of samples from 8 different sites in Doddridge County, West 
Virginia. Five of these sites (WV-34, 38, 58, 1, 11) were sampled prior to drilling in 2012 and post 
drilling in 2014, and again in 2019. Three sites (WV-314, 11, 101) were tested twice after drilling 
and again in 2019. A combination of integrated techniques is applied to these samples in order to 
assess the processes that control and impact groundwater geochemistry. The goal of this study is 
to discover the impacts of hydraulic fracturing of shale in Doddridge County, WV over a six-year 
period. This study also seeks to add to the body of knowledge that assesses the impacts of shale 
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oil and gas development on groundwater resources in the Appalachian Basin and other 
hydrocarbon-rich basins. 
  
Figure 1. Locations of sampling site in Doddridge County, West Virginia (Figure from 
Harkness et al., 2017). 
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Geologic Background 
The study area is in Doddridge County, WV, located in the northwestern part of the state 
in the Appalachian Plateau Physiographic Province. Steeply sloping ridges with a variety of shapes 
separated by mountanous terrain and thin valleys characterize this region. The subsurface is 
composed of bedrock dominated by a cycle of varying thicknesses of sandstone, siltstone, shale, 
limestone, and coal (Wunsch, 1992). The aquifer rocks are Permian Dunkard Group and Upper 
Pennsylvanin Monongahela Group (Harkeness, et al., 2017)(Fig 2). In some upland regions, 
perched water tables are present with intermittent shale layers acting as aquitards with water 
flowing horizontally through cleated coal seam layers.  
Unconsolidated alluvium allows the highest yields for water wells due to the high porosity 
in the alluvium. Secondary fractures and bedding planes transmit water in the bedrock with highly 
variable flow (3.7 to 757 L/min) because of changes in fracture density occuring vertically and 
laterally, but there is little variability among geological units (Harkness et al., 2017). Higher 
intensity of fracturing in valley bottoms due to anticlinal folding allows for higher hydraulic 
permeability. Uplands and hillslopes contain the highest fracturing and jointing intensities and 
allow for the highest groundwater flow rates and gas and brine migration (Bain, 1972). 
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Figure 2. Stratigraphic column of aquifers in the study area showing interbedded sandstone, 
limestone and coal (Figure from Harkness et al., 2017). 
 
Recent studies in the Appalachian Basin have shown possible changes in groundwater 
chemical conditions from before and after economic shale development. Trace metals, major 
solutes, and dissolved solids have naturally higher concentrations than allowed by regulation but 
studies have shown that this could be due to shale and other rocks in the Appalachian Basin 
containing soluble minerals incorporating treace metals common in deep formation fluids (Siegel 
et al., 1987). Studies from the past, before horizontal drilling, have revealed groundwater with high 
trace metals and major solutes. These findings display the need for groundwater to be tested prior 
to drilling and after gas extraction using further constraints to determine sources of hydrocarbons.  
Noble gases have been utilized to provide consraints to the sources of hydrocarbons in 
goundwater because of their inert nature, low terrestrial abundance, and well-characterized 
isotopic composition (Ballentine et al., 2002). The noble gases in hydrocarbons and geological 
fluids have three main sources: (1) the mantle, (2) the atmosphere, and (3) the crust. Helium (4He), 
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air-saturated water major gases (N2) and noble gases (36Ar, 20Ne) can be used to determine the 
presence of gas-phase hydrocarbons and reveal migration and sources of the hydrocarbons (Darrah 
et al., 2014). 
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Methods 
This study was performed as a time series, with samples collected prior to drilling and post 
horizontal drilling had occurred in 2014 and again in 2019. The 2019 data was compared to data 
reported by Harkness, et al. (2017). 
The inorganic chemistry (anions, cations, and trace metals), noble gas, and hydrocarbon 
compositions were examined in samples from domestic water wells in Doddridge, Harrison, 
Ritchie, Tyler, and Wetzel Counties in West Virginia, USA. The shallow drinking-water wells 
were at a depth of 10.6 – 91.5 m below ground surface into the aquifer. Of the water wells sampled, 
55% were located within 1km of a shale-gas well. A selection of drinking-water wells from 
different locations in the area were tested to allow for a diverse set of samples from various local 
geologies. Water samples were collected from drinking-water wells that did not have treatment 
systems and were then filtered and preserved in air-tight high-density polyethylene (HDPE) bottles 
following USGS protocols (USGS, 2011). Filters of 22mm diameter with 0.45µm pore-size were 
used for samples to analyze dissolved anions, cations, and inorganic trace element isotopes (B, Sr, 
Li). Samples used for trace metal analyses were preserved in 10% Optima nitric acid after 
filtration. Samples bottles used for the analysis of stable isotopes of O, H, and DIC were filled 
completely with the sample water allowing for minimal interaction between the sample and air 
and the sample bottles remained sealed until analysis. Water chemistry samples were stored on ice 
after collection and then refrigerated until analyzed. Hydrocarbon gas samples that were collected 
for concentration and isotopic analysis were collected using Isotube bottles using procedures 
explained by Isotech Laboratories (Isotech, 2011). These samples were stored on ice until arrival 
at Duke University where they were analyzed for CH4 carbon isotopic compositions. Dissolved 
gas samples used for gas concentrations and measurements of noble gas isotopes were collected 
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in refrigeration-grade copper tubes. These tubes were flushed in-line with no less than 50 volumes 
of sample water prior to being sealed using stainless steel clamps as directed in standard methods 
detailed previously (Darrah et al., 2013). 
Ion chromatography was used to measure major anions and direct current plasma optical 
emission spectrometry was used to measure major cations. Trace elements were analyzed using 
ICP-MS on a VG PlasmaQuad-3 calibrated to NIST 1643e standard. The detection limit of the 
ICP-MS was determined by dividing three times the standard deviation of repeated blank 
measurements by the slope of the external standard (Harkness, et al., 2017). 
The procedures for stable isotope analyses of dissolved gas are described by Jackson et al. 
(2013) in instances in which copper tubes were not available during sample collection. Dissolved 
gas samples were analyzed using cavity ring-down spectroscopy using a Picarro G2112i. When 
copper tubes were available, dissolved gas samples were measured through the extraction of the 
fluid from the copper tube on a vacuum line (Darrah et al., 2013). Once the sample was connected 
and the line evacuated, the fluid sample was opened onto the vacuumed line and then sonicated 
for 30 minutes to ensure the separation of dissolved gas from the water. Split samples were taken 
from this gas to measure major gas components in a SRI gas chromatograph and a SRS quadrapole 
mass spectrometer at The Ohio State University Noble Gas Laboratory. These measurements were 
compared to an atmospheric air standard (Hunt et al., 2012).  
Another split was expanded onto the high vacuum line for isotopic analysis of the noble 
gases using a Thermo Fisher Helix SFT Noble Gas MS at The Ohio State University Noble Gas 
Laboratory following methods previously used (Darrah and Poreda, 2012).  
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Results 
The groundwater quality in the shallow aquifers in the area varied from very low salinity 
(Cl<50 mg/L) to highly saline (Cl>2500mg/L). The higher salinity samples typically came from 
deeper well samples, wells that were about 90m in depth. The salinity of the water changed at 
every site with increases in salinity ranging 624mg of chloride per Liter of water to 0.17mg/L and 
decreases ranging from 418mg/L to 0.34mg/L.  
Methane (CH4) in the groundwater was tested at 8 sites in 2014 and retested in 2019. CH4 
in 2014 ranged from below the detection limit (~0.01 ccSTP/L) to 36.87 ccSTP/L. 2019 CH4 levels 
ranged from 0.02 ccSTP/L to 37.08 ccSTP/L. The largest increase from 2014 to 2019 was 10.16 
ccSTP/L from 28.8 ccSTP/L to 36.4 ccSTP/L in WV-58 and the largest decrease in methane was 
0.31cc/STP. The highest [CH4] in these water samples were near the saturation limit in fresh water 
(~35-40ccSTP/L at p(CH4) = 1 atm at 10℃) (Darrah et al., 2014). 
 
Figure 3. CH4 versus Cl. Comparing data from current study to data reported in Harkness, 
2017.   
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Figure 4. CH4 versus groundwater well depth (A) WV-38 and WV-111 did not have 
measurements of well depth, CH4 versus distance to a shale gas well (B), Cl versus depth of 
the groundwater well (C) WV-38 and WV-111 did not have measurements of well depth, Cl 
versus distance to a shale gas well (D). Comparing data from current study to data reported 
in Harkness, 2017.   
Table 1. Dissolved gases in groundwater from Doddridge County, West Virginia. The first 
number in WV-XXX indicates sampling trip. 2019 samples are labelled in the 900s. The 
following numbers indicate sampling site. Blank entries indicate no measurement for that 
constituent. 
Sample 
Site 
Distance to 
gas well 
Elevatio
n 
Well 
depth 
CH4 N2 Ar 4He 20Ne 36Ar 
 
meters meters meters cc/
L 
cc/L cc/L 10^-6 
cc/L 
10^-6 
cc/L 
10^-6 
cc/L 
WV-932 1575.6 258 18.6 0.03 16.56 0.33 49.4 117 1116 
WV-938 1677.1 230   19.8 11.85 0.17 34900 96.1 555 
WV-958 2166.8 230 30.5 36.4 9.615 0.055 26400 19.8 176 
WV-
9314 
388.6 290 91.5 22.5 16.74 0.11 20600
0 
55.4 336 
WV-
9111 
502.9 245   0.02 11.79 0.24 240. 113 801 
WV-91 3103.8 284 24.4 0.03 15.63 0.31 1070 148 1054 
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WV-911 488.2 309 36.6 0.2 10.07 0.25 231 114 844 
WV-
9101 
744.2 247 10.6 0.07 10.25 0.26 1150 109 873 
 
Table 2. Isotope ratios of dissolved gases in groundwater in Doddridge County, West 
Virginia. The first number in WV-XXX indicates sampling trip. 2019 samples are labelled 
in the 900s. The following numbers indicate sampling site. Blank entries indicate no 
measurement for that constituent. 
Sample 
site 
Distance to gas 
well 
Well 
depth 20Ne/22Ne 21Ne/22Ne 40Ar/36Ar 20Ne/36Ar 
 meters meters         
WV-932 1575.6 18.6 9.874 0.0289 295.51 0.105 
WV-938 1677.1   9.91 0.0291 303.59 0.173 
WV-958 2166.8 30.5 9.873 0.0291 306.17 0.113 
WV-9314 388.6 91.5 9.803 0.0291 329.76 0.165 
WV-9111 502.9   9.777 0.0289 295.51 0.141 
WV-91 3103.8 24.4 9.762 0.0289 295.51 0.140 
WV-911 488.2 36.6 9.785 0.0290 295.54 0.135 
WV-9101 744.2 10.6 9.759 0.0289 295.57 0.125 
 
Nitrogen (N2) concentrations in groundwater in 2014 ranged from 10.25 cc/L to 14.94 cc/L 
with an average of 13.13cc/L. In 2019 the values of N2 ranged from 9.615 cc/L to 16.74 cc/L with 
an average of 12.45 cc/L. Argon values in 2014 ranged from 0.26 cc/L to 0.34 cc/L with an average 
of 0.302 cc/L. In 2019, argon values ranged from 0.05 cc/L to 0.31 cc/L with an average of 0.198 
cc/L. The air saturated water (ASW) values for N2 is 13.9 cc/L and 0.37 cc/L for Ar assuming 
Henry’s law solubility equilibration and atmospheric conditions, 10℃, and elevation of ~600 
meters (average elevation of area).  
The groundwater samples from 2019 contain N2 (9.58 ccSTP/L to 16.56 ccSTP/L with 
average 12.46 ccSTP/L) and Ar (0.05 ccSTP/L to 0.33 ccSTP/L with average 0.198 ccSTP/L) 
which were on average, within 10% and 45% of values for air-saturated water (ASW) (13.9 
ccSTP/L for N2 and 0.37 ccSTP/L for Ar) assuming Henry’s Law of solubility equilibration 
conditions of 1 atm, 10℃ and ~600m elevation.  
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Figure 5. CH4 versus 36Ar. Comparing data from current study to data reported in Harkness, 
2017.   
In the 2019 sample set, 4He concentrations in the groundwater ranged from 206000*10-6  
ccSTP/L to 49.37*10-6 ccSTP/L with an average of 330*10-6 ccSTP/L. In the 2014 sample set, 4He 
concentrations in the groundwater ranged from 243000*10-6 ccSTP/L to 43.7*10-6 ccSTP/L. This 
range is similar to the observed range in other areas of the Appalachian Basin (Darrah et al., 2015). 
ASW values for 4He concentrations is ~37.5*10-6 ccSTP/L. The largest decrease from 2014 to 
2019 for 4He was 214000*10-6 to 257000*10-6 ccSTP/L and the largest increase was from 46.5 to 
1022 ccSTP/L with an average change of -18600*10-6 ccSTP/L.  
Table 3. Isotope ratios of dissolved gases in groundwater in Doddridge County, West 
Virginia. The first number in WV-XXX indicates sampling trip. 2019 samples are labelled 
in the 900s. The following numbers indicate sampling site. Blank entries indicate no 
measurement for that constituent. 
Sample 
Site 
Distance 
to gas 
well 
Well 
depth 4He/20Ne 4He/36Ar CH4/36Ar N2/Ar 4He/CH4 
 meters meters         x10^-6 
WV-
932 1575.6 18.6 0.421 0.0443 31.1 50.04 1420 
WV-
938 1677.1   364 63 35600 70.12 1770 
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WV-
958 2166.8 30.5 1340 151 207000 178.0 727 
WV-
9314 388.6 91.5 3720 615 67100 150.7 9160 
WV-
9111 502.9   2.13 0.3 26.4 49.59 11400 
WV-91 3103.8 24.4 7.23 1.01 29.1 49.97 34900 
WV-
911 488.2 36.6 2.02 0.274 237 40.19 1160 
WV-
9101 744.2 10.6 10.5 1.32 81.1 39.56 16200 
 
The 2019 values for 20Ne had a range of 19.8*10-6 cc/L to 148*10-6 cc/L with an average 
of 88.0*10-6  cc/L and the 2014 levels for 20Ne had a range of 136*10-6 cc/L to 120*10-6 cc/L with 
an average of 297*10-6 cc/L. The 36Ar values in 2019 ranged from 176*10-6 cc/L to 1120*10-6 cc/L 
with an average of 7190*10-6 cc/L. In 2014 4He/20Ne values ranged from 0.274 to 598 in 2014 
with an average of 107 and 0.421 to 3720 in 2019 with an average of 754. 4He/36Ar ranged from 
0.048 to 263.37 in 2014 with average 7.925*103 and 26.4 to 2.2*104 in 2019 with average 57456.1.  
 
  
Figure 6. N2 versus 36Ar (A), 20Ne versus 36Ar (B) 
with air saturated water solubility line. 
Comparing data from current study to data 
reported in Harkness, 2017.   
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The values of 21Ne/22Ne in 2019 (0.0289 to 0.0291 average 0.00290) and in 2019 (0.0287 
to 0.0302 average 0.0292) are within 1% and 4.5% respectively of ASW values (0.0289). The 
20Ne/22Ne values in 2019 (9.76 to 9.91 average 9.82) and 2014 (9.76 to 9.91 average 9.81) are 
within of 1.3% of ASW values (9.78).  
The 40Ar/36Ar values in 2014 had a range of 295 to 309 with an average of 298 and in 2019 
had a range of 295 to 330 with an average of 303. These values represent are within 4.5% and 12% 
respectively of ASW values (295) 
 
Figure 7. 4He/CH4 (*10-6) versus 20Ne/36Ar (A) air saturated water solubility line, 4He/CH4 
versus the distance to the closest shale gas well (B), CH4 versus 20Ne/36Ar (C) with CH4 
solubility line and air saturated water solubility line. Comparing data from current study to 
data reported in Harkness, 2017. 
14 
 
 
Fig. 8 The percent change in composition of the groundwater for every sampling site in 
Doddridge County, West Virginia from post drilling in 2014 to 2019. Comparing data from 
current study to data reported in Harkness, 2017. 
Table 4.  Dissolved solids in groundwater in Doddridge County, West Virginia. The first 
number in WV-XXX indicates sampling trip. 2019 samples are labelled in the 900s. The 
following numbers indicate sampling site. Blank entries indicate no measurement for that 
constituent. b.d.l. signifies measurement was below the detection limit.  
Sample 
site 
Distance 
to gas 
well 
Well 
depth 
Cl Br SO42- Ca Mg Na  Ba As Sr 
  meters meters mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
WV-
932 
1575.6 18.6 1.02 b.d.l. 14.5 8.93 3.85 3.365 0.122 0.48 76.8 
WV-
938 
1677.1   734 6.22 0.04 3.80 1.17 saturated 0.446 5.38 233 
WV-
958 
2166.8 30.5 482 4.19 0.28 15.3 4.90 saturated 0.900 2.71 496 
WV-
9314 
388.6 91.5 2510 11.86 0.32 17.1 6.97 saturated 2.43 7.19 1410 
WV-
9111 
502.9   3.48 b.d.l. 15.8 19.3 6.59 20.04 0.116 7.55 119 
WV-91 3103.8 24.4 3.12 b.d.l. 32.9 17.6 4.71 saturated 0.546 5.73 486 
WV-
911 
488.2 36.6 3.21 b.d.l. 11.8 17.9 4.44 22.97 0.425 6.26 191 
WV-
9101 
744.2 10.6 87.4 b.d.l. 22.4 5.54 1.87 saturated 0.206 3.01 148 
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In 2014 the composition of Cl in the groundwater had a range from 1.36mg/L to 2370mg/L 
with an average of 8.30mg/L. In 2019 the range for Cl was from 1.02mg/L to 2510mg/L with an 
average of 478mg/L.  
The sulfate levels in groundwater ranged from 1.97mg/L to 25.3 mg/L with an average of 
12.97 mg/L in 2014 and ranged from 0.04 mg/L to 32.66 mg/L with an average of 13.18 mg/L in 
2019. Calcium levels in the groundwater in 2014 ranged from 7.22mg/L to 84.9mg/L with an 
average of 41.04 mg/L. In 2019 calcium ranged from 3.79 mg/L to 33.9mg/L with an average of 
15.488 mg/L. Magnesium levels had a range from 1.33mg/L to 233.4mg/L with an average of 
17.05mg/L in 2014 and 1.17mg/L to 9.4mg/L with an average of 4.88mg/L in 2019. Barium ranged 
from 0.113 to 2.88 mg/L with an average of 0.67mg/L in 2014 and ranged from 0.116mg/L to 
2.43mg/L with an average of 0.678mg/L  
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Discussion 
The data from post-drilling activities to 2019 samples show two groundwater wells where 
[CH4] in the groundwater has increased between 2014 and 2019, including drinking-water wells 
WV-DC-38 and WV-DC-58. Of these two wells, WV-DC-38 had values of Cl that remain 
unchanged and WV-DC-58 had Cl values that decreased by almost half. This decrease could be 
due to the precipitation of some salts while some hydrocarbon brine has migrated in. Previous 
studies have associated high values of CH4 with high salinity in groundwater, and historical data 
from West Virginia show naturally elevated levels of CH4 indicating that the values observed were 
not highly unusual for this area (White and Mathes, 2006). As shown in Fig. 3, methane saturation 
is at 40 ccSTP/L and with the increase in salinity of the groundwater, there is a smaller change in 
methane due to near saturation levels. When the CH4 in the groundwater reaches a point of 
saturation, this causes the conditions of gas saturation in water to regulate the concentrations of 
CH4 shown by the “roll over” of the methane concentration (Harkenss et al., 2017).  There is a 
strong correlation between Cl and CH4 in this study (r2=0.57, p < 0.02). These values suggest that 
elevated CH4 is migrating to the shallow groundwater along with migrating brine. The levels of 
CH4 from drinking-water wells closest to shale gas wells do not see much change from 2014 to 
2019 which could show evidence for increases in salinity and hydrocarbons being caused by 
increases in deep brine migration.  
The high CH4 levels are not associated with distance from the shale gas well giving the 
appearance of a natural source of both salts and hydrocarbons that precludes anthropogenic 
sources. The higher levels of Cl are in samples that were either from the lowest elevation in valleys 
or the deepest wells suggesting the Cl is sourced from deep brine migrating in the subsurface (Fig. 
4). Harkness et al., (2017) showed different isotopic compositions of Li and Sr in Marcellus 
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groundwater brines than in produced waters associated with unconventional shale gas development 
in the study area. Their discovery ruled out the possibility of pollution of groundwater by flowback 
and produced waters from energy development. The discovery of saline groundwater prior to 
drilling for shale gas has also further solidified these findings.  
Groundwater geochemical studies in northeast Pennsylvania and eastern Kentucky regions 
of the NAB identified the mixing of deep brines similar to brines of the Marcellus Shale and 
shallow groundwater (Warner et al., 2012). The deep brines use fractures in the subsurface to 
migrate vertically when sufficient fluid potential exists (Engelder et al., 2009). These deep brines 
flow upward through fracture zones which can be increased through hydraulic fracturing in the 
area. Valleys are more relevant for this model of high hydrodynamic pressure causing water to 
flow to areas with lower pressure because of lower hydrodynamic pressure in the valleys and 
greater fracturing leading to higher permeability in the subsurface of valleys. Naturally occurring 
flow paths for the migration of fluid can suggest that the flow paths are available for oil and gas 
bearing formations to be connected to shallow groundwater (Harkness et al., 2017) and might even 
suggest that elevated gas concentrations may even be responsible for increasing fluid potential 
leading to fluid migration (e.g., sometimes called gas drive). These naturally occurring flow paths 
would allow for the migration of hydraulic fracturing fluids to flow to shallow groundwater. Noble 
gases can be used to determine fluid migration mechanisms in the subsurface and support the 
migration model of hydrocarbon rich brines throughout geological time.  
Air saturated water is water in equilibrium with atmospheric gases by Henry’s Law. Large 
amounts of atmospheric gases dissolved in groundwater (ASW) such as 20Ne, 36Ar, and N2 can 
help to constrain the behavior of hydrocarbon gases by showing the stripping of gases or excess 
of gases (Aeschbach-Hertig et al., 2008). Stripping of air saturated water noble gases can provide 
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evidence for fugitive gas contamination in drinking-water wells near gas wells (Darrah et al., 
2014). The highest deviations from ASW compositions in the Harkeness et al., (2017) study were 
the elevated levels of CH4, 20Ne, 4He from pre-drilling to post-drilling, attributed to increased 
salinity. The decreased levels of 36Ar and 20Ne in 2019 were the most different from 2014. The 
decrease in 36Ar and 20Ne occurs between the samples taken in 2014 and the samples taken in 2019 
and appears to be the result of stripping as shown in Fig. 6. The decrease in 36Ar and 20Ne could 
be due to the migration of oil and gas well fluids and mixing with groundwater causing the release 
of 36Ar and 20Ne. Harkness et al., (2017) attributed these lower levels of 36Ar to the addition of 
CH4 inducing minor gas-liquid interactions during transport in the aquifer but the decreases from 
the 2014 post-drilling levels to the 2019 levels are too large and could more readily be explained 
by the stripping of the atmospheric gases possibly by interactions with a free-gas phase in the 
subsurface (Weiss, 1971). Given that the degree of fractionation between two gas species is a 
function of the relative volumes of gas to water, the decrease in 20Ne/36Ar from 2014 to 2019 
suggests that gas-water interactions are occurring in relatively low Vgas/Vwater conditions.  
The 4He in the groundwater can reflect one or a combination of: atmospheric inputs, in-
situ production from the alpha decay of U-Th in aquifer rocks, detrital grains releasing 4He from 
previous accumulation, and the migration from exogenous sources (Zhou and Ballentine, 2006). 
Harkness et al., (2017) found that the 4He observed in the area exceeded the possible combined 
concentrations from 4HeASW, the maximum possible in-situ production, and the expected release 
from previously accumulated detrital grains. Their study concluded that the samples contained a 
mixture of young meteoric water and an exogenous source of hydrocarbon rich brines. The 4He 
values slightly increased from 2014 to 2019 suggesting an input from an outside source likely due 
to meteoric and deep brine water introduction.   
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Conclusions 
The groundwater of the shallow aquifers in Doddridge County, West Virginia was 
determined to be CH4-rich, with high salinity. These findings are likely due to a combination of 
deep brine and natural gas-rich fluids and shallow water-rock interactions in the aquifers. Some 
stripping of 36Ar and 20Ne could result from the addition of hydrocarbons from the increased 
activity of hydraulic fracturing and shale gas extraction. This nine-year study, with testing before 
and after drilling and again six-years later, has monitored the variations of the geochemistry in 
drinking-water wells and has provided an indication of no immediate groundwater pollution and 
subsurface impact from shale-gas development. However, the change in some of the major and 
noble gases have indicated that there has been some change six years after the first post drilling 
samples were taken most notably changes in CH4, Cl, 20Ne, and 36Ar.  
While there was no clear evidence of a relationship between the distance between water 
wells and shale gas wells, there could be a relationship with the ease of subsurface migration 
between areas with drinking-water wells and shale gas wells and the concentration of brine and 
hydrocarbons. The change that occurred from 2014 to 2019 was significantly different than the 
change that occurred from the results seen before drilling to after drilling which could show an 
effect from prolonged hydrocarbon extraction activities rather than the initial extraction.  
The objectives of this study were met because there was a change in groundwater quality 
from 2014 to 2019 which can then add to the understanding of the impact from shale gas wells 
over time. However, to determine these impacts, more testing would have to be done on different 
isotopes and more hydrocarbons with many more sites.  
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Recommendations for future work 
Future studies should collect samples from more groundwater wells in the area and test for 
more hydrocarbons besides methane such as ethane, propane, butane, and pentane. These new sites 
should be a variety of distances from shale gas wells and at varying directions to test the impact 
on permeability from jointing and fractures in the subsurface. Analysis of carbon isotopes would 
expand the available database and potentially help further constrain the source of hydrocarbons in 
the system. Samples from surface waters near gas well platforms could also be collected as to 
investigate the impacts to streams. 
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Appendix 
Sample 
Site 
Distance to 
gas well 
Elevatio
n 
Well 
depth 
CH4 N2 Ar 4He 20Ne 36Ar 
 
meters meters meters cc/
L 
cc/L cc/L 10^-6 
cc/L 
10^-6 
cc/L 
10^-6 
cc/L 
WV-932 1575.6 258 18.6 0.03 16.56 0.33 49.4 117 1116 
WV-938 1677.1 230   19.8 11.85 0.17 34900 96.1 555 
WV-958 2166.8 230 30.5 36.4 9.615 0.055 26400 19.8 176 
WV-
9314 
388.6 290 91.5 22.5 16.74 0.11 20600
0 
55.4 336 
WV-
9111 
502.9 245   0.02 11.79 0.24 240. 113 801 
WV-91 3103.8 284 24.4 0.03 15.63 0.31 1070 148 1054 
WV-911 488.2 309 36.6 0.2 10.07 0.25 231 114 844 
WV-
9101 
744.2 247 10.6 0.07 10.25 0.26 1150 109 873 
 
Sample 
site 
Distance to gas 
well 
Well 
depth 20Ne/22Ne 21Ne/22Ne 40Ar/36Ar 20Ne/36Ar 
 meters meters         
WV-932 1575.6 18.6 9.874 0.0289 295.51 0.105 
WV-938 1677.1   9.91 0.0291 303.59 0.173 
WV-958 2166.8 30.5 9.873 0.0291 306.17 0.113 
WV-9314 388.6 91.5 9.803 0.0291 329.76 0.165 
WV-9111 502.9   9.777 0.0289 295.51 0.141 
WV-91 3103.8 24.4 9.762 0.0289 295.51 0.140 
WV-911 488.2 36.6 9.785 0.0290 295.54 0.135 
WV-9101 744.2 10.6 9.759 0.0289 295.57 0.125 
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Sample 
Site 
Distance 
to gas 
well 
Well 
depth 4He/20Ne 4He/36Ar CH4/36Ar N2/Ar 4He/CH4 
 
meters meters         x10^-6 
WV-
932 1575.6 18.6 0.421 0.0443 31.1 50.04 1420 
WV-
938 1677.1   364 63 35600 70.12 1770 
WV-
958 2166.8 30.5 1340 151 207000 178.0 727 
WV-
9314 388.6 91.5 3720 615 67100 150.7 9160 
WV-
9111 502.9   2.13 0.3 26.4 49.59 11400 
WV-91 3103.8 24.4 7.23 1.01 29.1 49.97 34900 
WV-
911 488.2 36.6 2.02 0.274 237 40.19 1160 
WV-
9101 744.2 10.6 10.5 1.32 81.1 39.56 16200 
 
Sample 
site 
Distance 
to gas 
well 
Well 
depth 
Cl Br SO42- Ca Mg Na  Ba As Sr 
  meters meters mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
WV-
932 
1575.6 18.6 1.02 b.d.l. 14.5 8.93 3.85 3.365 0.122 0.48 76.8 
WV-
938 
1677.1   734 6.22 0.04 3.80 1.17 saturated 0.446 5.38 233 
WV-
958 
2166.8 30.5 482 4.19 0.28 15.3 4.90 saturated 0.900 2.71 496 
WV-
9314 
388.6 91.5 2510 11.86 0.32 17.1 6.97 saturated 2.43 7.19 1410 
WV-
9111 
502.9   3.48 b.d.l. 15.8 19.3 6.59 20.04 0.116 7.55 119 
WV-91 3103.8 24.4 3.12 b.d.l. 32.9 17.6 4.71 saturated 0.546 5.73 486 
WV-
911 
488.2 36.6 3.21 b.d.l. 11.8 17.9 4.44 22.97 0.425 6.26 191 
25 
 
WV-
9101 
744.2 10.6 87.4 b.d.l. 22.4 5.54 1.87 saturated 0.206 3.01 148 
 
